While cellular automata (CA) has become increasingly popular in land-use and land-cover change (LUCC) simulations, insufficient research has considered the spatiotemporal heterogeneity of urban development strategies and applied it to constrain CA models. Consequently, we proposed to add a zoning transition rule and planning influence that consists of a development grade coefficient and traffic facility coefficient in the CA model to reflect the top-down and heterogeneous characteristics of spatial layout and the dynamic and heterogeneous external interference of traffic facilities on land-use development. Testing the method using Nanjing city as a case study, we show that the optimal combinations of development grade coefficients are different in different districts, and the simulation accuracies are improved by adding the grade coefficients into the model. Moreover, the integration of the traffic facility coefficient does not improve the model accuracy as expected because the deployment of the optimal spatial layout has considered the effect of the subway on land use. Therefore, spatial layout planning is important for urban green, humanistic and sustainable development.
Introduction
Reports on world urbanization prospects reveal that the global urban population exceeded the rural population in 2011, and it is predicted to reach 76% by 2050 [1, 2] . Rapid urbanization population growth is a crucial signal that land-use and land-cover change (LUCC) and urban expansion will be serious, which creates great challenges to the sustainable development of cities. Therefore, it seems necessary to develop proper models for simulating and predicting urban growth to guide urban scientific and organic development [3] [4] [5] . The cellular automata (CA) model, as a common LUCC simulation model, simplifies the complicated urban development process by calibrating the characteristic parameters from the environmental space to design different transition rules, and it is a heuristic approach to understanding the realistic urban growth dynamics [6, 7] . Moreover, the CA model has the advantages of simplification, flexibility, intuitiveness and nonlinearity [8] [9] [10] [11] .
Wu [6] noted that urban land development consists of two interrelated processes: self-organized growth and spontaneous growth. The former represents the future state of land use that is dependent on the current state of land use in the neighbourhood, which is the result of local land-use interactions. This process corresponds to the basic principle of bottom-up CA; which states that complex global patterns are generated from the local evolutions by using transition rules [12, 13] . Hagoort et al. [14] 3 of 19 Transportation infrastructure is an important part of the development strategy, and its implementation has a dynamic and heterogeneous external intervention influence on the LUCC process. Conventional CA is a typical spatiotemporal model used to simulate land use dynamics. Arsanjani et al. [38] and Guan et al. [39] used environmental and socio-economic variables to address urban sprawl based on an improved hybrid model. Jantz et al. [40] developed methods that expand the capability of SLEUTH (slope, land-use, excluded, urban, transportation, hill shade) to incorporate economic, cultural and policy information, opening up new avenues for land-use dynamics simulation. In those models, the characteristic of dynamics is represented by land-use attribution change by setting different time steps, but their driving factors are static in the simulation process. Nevertheless, the implementation of transportation infrastructure has a dynamic influence on land use change [3] , and the dynamic characteristics are reflected in two aspects. First, the implementation time of transportation facilities is random. At present, most CA are inertia simulation models that drive their transition rules largely from empirical data by assuming that the historical trend of urban development will continue into the future [8, 16] . However, there is a case where the facility implementation appears in the simulation process, which is not contained in the initial simulation data. For instance, the construction of a road begins at some point during the simulation. Second, the effect of traffic facilities on the development of urban land use is dynamic and inhomogeneous in the process of spatial evolution, which is reflected in space and time. Murakami and Cervero [41] , Willigers and Wee [42] and Garmendia et al. [43] proved that the railway has a spatial spill over effect and spatial agglomeration effect on regional development. Gutiérrez [44] , Vickerman [45] and Ureña et al. [46] certified that the two effects coexist. These findings suggest that the construction of transportation facilities (e.g., road planning) will produce inhomogeneous effects on urban land in space and that the spatial effect law changes dynamically with time. Therefore, quantifying the dynamic and heterogeneous external intervention influence of transportation facilities on planning influence is significant for simulating the LUCC in a more realistic and objective way.
It is necessary to pay more attention to the adaptation of rules to real-world planning contexts [47] . Considering the spatiotemporal continuity and heterogeneity of urban development strategy, this paper proposes an urban development strategy-constrained CA model, which is combined with three transition rules. First, according to the slope and location (whether it is within the scope of the ecological reserve) of the central cell, the direction of its transformation can be judged. Second, considering the top-down characteristics and spatial heterogeneity of the implementation of the spatial layout, a special "zoning transition rule" is proposed by constructing evaluating functions to measure the suitability of different land types in different districts. Third, by adding the land development grade coefficient, the traffic facility coefficient and the time variable into the local conversion function, the dynamic and heterogeneous external intervention influence can be reflected in this model. Finally, whether the land use changes or not is dependent on the comprehensive probability of the above rules. Our experiment shows that the proposed model can effectively simulate the LUCC and that the control granularity of land use development is heterogeneous in different districts, which is reflected in the difference in the development grade coefficient. Moreover, the simulation results confirm that the design of the spatial layout is a comprehensive and all-round process which considered the spatial difference of the subway effect. Therefore, the addition of the traffic facility coefficient has not produced the expected results in this experiment. These findings suggest that we need to pay more attention to the guiding mechanism of the urban development strategy for urban sustainable development.
The remainder of this paper is organized as follows. In Section 2, we describe the study area, driving factors, the design of transition rules, the determination of parameters and the verification of the model. In Section 3, we present the case study experiment conducted in Nanjing. Section 4 discusses the experimental results. Section 5 presents our conclusions on the experimental results and proposes future work. 
Materials and Methods

Study Area and Data Sources
The provincial capital-Nanjing city-is located in the southwest of Jiangsu Province. It is the central city in the middle and lower reaches of the Yangtze River. Its geographic coordinates are 118 • 22 -119 • 14 E, 31 • 14 -32 • 37 N. The projection of land-use dynamics was supplemented by analyses of land-use changes for the years 1995, 2000 and 2005, the Nanjing City Master Plan (1991-2010) (development grades of land use), the Nanjing city urban planning functional zoning (ecological reserve) and several driving factors ( Figure 1 and Table 1 ). The classified maps that were obtained from the Geographical Information Monitoring Cloud Platform [48] , include six thematic land-use classes (river, forest land, agricultural land, urban and rural residential land, grassland and unused land), which were mapped at a spatial resolution of 30 × 30 m. The overall classification accuracy of the agricultural land and urban and rural residential land are more than 85%, and that of other types of land-use are more than 75%. According to the zoning policy, the main study areas are the urban areas of Nanjing city, which are divided into Qixia District, Main District, Jiangning District and Pukou District. The Nanjing Metro Line 1 began construction in 2000 and officially began operation on 3 September, 2005. It runs through the Qixia District, Main District and Jiangning District.
The provincial capital-Nanjing city-is located in the southwest of Jiangsu Province. It is the central city in the middle and lower reaches of the Yangtze River. Its geographic coordinates are 118°22′-119°14′ E, 31°14′-32°37′ N. The projection of land-use dynamics was supplemented by analyses of land-use changes for the years 1995, 2000 and 2005, the Nanjing City Master Plan (1991-2010) (development grades of land use), the Nanjing city urban planning functional zoning (ecological reserve) and several driving factors ( Figure 1 and Table 1 ). The classified maps that were obtained from the Geographical Information Monitoring Cloud Platform [48] , include six thematic land-use classes (river, forest land, agricultural land, urban and rural residential land, grassland and unused land), which were mapped at a spatial resolution of 30×30 m. The overall classification accuracy of the agricultural land and urban and rural residential land are more than 85%, and that of other types of land-use are more than 75%. According to the zoning policy, the main study areas are the urban areas of Nanjing city, which are divided into Qixia District, Main District, Jiangning District and Pukou District. The Nanjing Metro Line 1 began construction in 2000 and officially began operation on 3 September, 2005. It runs through the Qixia District, Main District and Jiangning District. 
LUCC Driving Factors
There are two main forms of LUCC: the transition of land-use types and the change of land-use intensity. Generally, the driving force and cause, which result in those land-use dynamics, are called te LUCC driving factors. In this paper, the LUCC driving factors are divided into four types: natural factors, traffic factors, urban factors, and planning factors (Table 1 ). 
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LUCC Driving Factors
There are two main forms of LUCC: the transition of land-use types and the change of land-use intensity. Generally, the driving force and cause, which result in those land-use dynamics, are called te LUCC driving factors. In this paper, the LUCC driving factors are divided into four types: natural factors, traffic factors, urban factors, and planning factors ( Table 1 ).
Transition Rules
Transition rules are the key of the CA model, which is used to determine the state of the cell at the next moment based on the current state of the target cell and its neighbourhood cells. Liu [49] found that the simulation result would be better when the iteration number is an integer multiple of the observation, so we set the iteration number from 1995 to 2005 as 40. The design of the rules should penetrate three levels of the urban planning system (global, zoning and local) and follow a series of principles of land-use change. In this paper, we proposed a spatiotemporal difference-constrained CA model whose whole process is shown in Figure 2 .
Global Transition Rule
As the first rule among all transition rules, the global transition rule remaining stable in a specific period is a constant variable that is not affected by the region and time, and its probability is commonly defined as the set of {0, 1}. When the probability value is 0, it means that it is impossible to convert the land-use type into a specific land-use type, so the other rules will not work; otherwise, land use meets the primary conditions for the conversion to a specific type. In this paper, there are the following two global constraints.
Slope Constraints
Slope is the ratio of the vertical height to horizontal distance of each cell, indicating the inclination degree. Different types of land use have different slope requirements. Here, there are two main kinds of slope constraints: the planning mandatory constraint and the analytical constraint.
(1) Planning mandatory constraint: in the code for vertical planning on urban field [50] , the slope of urban and rural residential land must be less than 25 • .
(2) Analytical constraint: taking classified maps for the years 1995 and 2000 as examples, land slope maps and classified maps are overlapped to analyse the slope constraints of other types of land use that are without mandatory planning constraints. According to the specifications for base-map production of the second national land investigation [51] , the slopes of urban land use are divided into five levels for statistics, namely ≤2 • , 2~6 • , 6~15 • , 15~25 • , and >25 • . Then, the slope distribution index (Equation (1)) is used to analyse the dominant slopes of different types of land use.
where A ij is the total area of the ith type of land use with the jth level of slope, A is the total area, A i is the total area of the ith type of land use, A j is the total area of the jth level of slope, and P is the slope distribution index. With the increase of P, the dominance of the ith type of land use on the jth level of slope also increases. When P is greater than 1, it indicates that the ith type of land use is suitable to generate on the jth level of slope. The specific dominance is shown in Tables 2 and 3. The dominant slopes of river, agricultural land, forest land, and unused land, with slopes of P greater than 1, are less than 2 • , less than 15 • , greater than 6 • and greater than 6 • , respectively. The dominance of grassland with different slopes is greater than or close to 1; in other words, the grassland has no global slope constraints. 
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Global Transition Rule
As the first rule among all transition rules, the global transition rule remaining stable in a specific period is a constant variable that is not affected by the region and time, and its probability is commonly defined as the set of {0, 1}. When the probability value is 0, it means that it is impossible to convert the land-use type into a specific land-use type, so the other rules will not work; otherwise, 
Ecological Reserve Constraints
In the process of urban construction, forest, grassland, agricultural land and river area are constantly transformed into urban and rural residential land for maximizing economic benefit, which leads to the destruction of urban ecosystems and the erosion of urban ecological function areas. To maintain regional ecological security and sustainable development of the economy and society, the state has delimited ecological reserve (Figure 1d ,e), where the type of land used for forest, grassland or river remains unchanged. Otherwise, the type of land use will be converted when the transition probability exceeds the threshold.
In summary, the global transition rules are as follows (see Figure 3 ): where , is the land-use type of the grid in row and column at time t, and , is the land-use type at time t + 1. U is a set of ecological reserves, including forest, grassland or river areas.
, is the slope of the grid in row and column .
is used to determine whether the grid is within the scope of the ecological reserve. When the grid is within the scope, its state remains unchanged with being 0, and its probability of being converted to other types of land-use ( , , , , , ) is all Where S t i,j is the land-use type of the grid in row i and column j at time t, and S t+1 i,j is the land-use type at time t + 1. U is a set of ecological reserves, including forest, grassland or river areas. Slope i,j is the slope of the grid in row i and column j. P u is used to determine whether the grid is within the scope of the ecological reserve. When the grid is within the scope, its state remains unchanged with P u being 0, and its probability of being converted to other types of land-use (Pglobal river , Pglobal urban , Pglobal agriculture , Pglobal f orest , Pglobal grassland , Pglobal unused ) is all 0. Otherwise, P u is 1, and the probability of being converted is determined according to the value of Slope i,j . The probability is 1, which means it is possible to be converted into this type of land, or the probability is 0, which means it is impossible to be converted into this type of land.
Zoning Transition Rule
After meeting the first transition rule (P u = 1), this paper notes that a new zoning transition rule needs to be considered in the CA model. As the management and control unit in zoning planning, districts are set as study sub-units to analyse the suitability of different land-use types by using a logistic regression model (Equation (2)). Therefore, we consider 10 factors (nature, traffic and urban factors) (in Table 1 ) to construct the zoning transition rule.
where X 1 , X 2 , . . . , X n are the driving factors; β 1 , β 2 , . . . , β n are the regression coefficients; and β 0 is the constant term. The regression coefficients and the constant term are different in different districts. Pmiddle j is the probability of being the land-use type j, which is also defined as the suitability of the land-use type j by some scholars.
Local Transition Rule
Neighbourhood Constraint
In urban development, the distribution of planning land is affected by the types of land uses in the neighbourhood of the candidate areas where the land may be developed. Therefore, the CA model always follows the principle that the types of central cells are affected by spatial neighbouring cells.
This model chooses the commonly used extended Moore neighbourhood of the 5 × 5 window; each cell represents an area of 50 m × 50 m on the ground for the simulation. In the neighbourhood window, land types of the other cells except the central cell are recorded and set as DevelopNum = {Land river , Land agriculture , Land urban , Land f orest , Land grassland , Land unused }, where Land river , Land agriculture , Land urban , Land f orest , Land grassland , and Land unused represent the numbers of the different types of land use. In general, the greater the number of certain land-use types in the neighbourhood, the greater the probability that the central cell will be converted into this land-use type; that is, the more likely the central cell will be assimilated. However, the number of land-use types in the neighbourhood is not the only criterion of local constraints. According to the construction demand and the change of national conditions, the transfer rates among different land-use types are different. They are obtained using the Markov model and saved as a land-use transition matrix DevelopExtent, where R r , A a , RU ru , F f , G g , and U u are the inheritance degree of the original land-use types, and the other parameters indicate the evolution degree in the transformation direction of the different land-use types. For instance, R ru indicates the evolution probability of river area being converted into urban area (Equation (3)).
riveragriurbanforestgrassunused DevelopExtent= river agri urban f orest grass unused
In addition, the land-use transition matrix that was obtained based on the classified maps for the years 1995 and 2000 is the initial matrix. In the iteration process, the matrix will change dynamically according to the evolution state of the land use in the last two moments. When the land type of the central cell is i and the numbers of the different land-use types within the neighbourhood of the n * n window are recorded in the matrix DevelopNum, then its local neighbourhood probability of being converted into the other land-use types (Plocaln i→j ) is as follows:
Plocaln i→j = i j Land j n * n − 1 .
Planning Dynamic Constraint Metro planning will produce urban land spill-over and aggregation effects that can be quantified into the planning influence to represent the influence degree of metro planning policy, which is related to space and time. The planning influence is determined by the types of intraregional effects; when the spill-over effect occurs in the region, it indicates that the policy has a spatial damping effect on the development of the land use, so the traffic facility coefficient (TFC, p l ) is a negative value. When the aggregation effect is generated in the region, it signifies that the policy exerts a spatial pull on the development of land use, so the traffic facility coefficient (p l ) is a positive value. In the experiment, we divided the development of the study area into two stages; from 1995 to 2000 and from 2000 to 2005. If the subway did not produce any effects in the second stage, the growth rates of residential land in this stage should be equal to those in the first stage. That is, the relative growth rate (RGR) of the two stages is equal to 0. If the sign of RGR is negative with some ranges, it means that the subway generates the spill-over effect on the land use with these ranges. Reviewing the reference on the influence of a subway on urban land [52] [53] [54] , this paper divides the research range of the traffic facility coefficients into six levels: 0-200 m, 200-500 m, 500-800 m, 800-1600 m, 1600-2400 m, and 2400-3200 m. The experiment studies the dynamic change of the planning policy effect in the stage of subway construction. It is assumed that the policy effect has a linear relationship with time in the whole evolution process.
In addition, according to the Nanjing City Master Plan (1991-2010) and 2000 planning content adjustment text, the urban land is divided into three development grades (Figure 1d,e ). The key development area, development area and other land belong to the first, second and third grades, respectively, and correspond to different development grade coefficients α k (α 1 , α 2 , α 3 ). The specific equation is shown as follows:
In summary, the calculation of the local dynamic conversion probability (Plocal i→ j,k,l,t ) is as follows:
Plocaln i→j × Plocalp k,l,t j = urban, t ≥ t s Plocaln i→ j × Plocalp k,l,t and p l = 0 j = urban, t ≤ t s Plocaln i→j j = others .
2.3.4. Comprehensive Transition Rule According to Wu [55] , the comprehensive conversion probability (Pcomp i→j, k,l,t ) can be obtained by combining the above transition rules (Equation (8)) as follows:
Each cell has six conversion probabilities of being converted to different types of land use. There are six inheritance thresholds-∂ river , ∂ agriculture , ∂ urban , ∂ f orest , ∂ grassland , and ∂ unused -in the model. When the inheritance value of a cell whose land-use type is i Pcomp i→i,k,l,t and is greater than the threshold ∂ i , the land-use type remains unchanged. Otherwise, the cell will be transited to the land type j with the greatest conversion probability (Max(Pcomp i→ j,k,l,t )).
Model Parameter Estimation and Accuracy Verification
The figure of merit (FOM)-which consists of misses, hits, wrong hits and false alarms-is a popular metric for model validation by using three-map comparison, whose range is from 0 to 1. The closer the value is to 1, the more similar the simulated change is to the actual changes [56, 57] . In this experiment, we used FOM to determine parameters and judge the simulation results.
There are three kinds of parameters that need to be set up in the model, including the inheritance thresholds (∂ i ), development grade coefficients (α k ) and traffic facility coefficient (p l ). First, based on the reference map of 1995, we simulated the land-use changes in 2000 by calculating the six conversion probabilities of each cell without considering the planning influence. Comparing the simulation results with the actual map, the minimum conversion probabilities of each type of land-use without changes were what were defined as inheritance thresholds by us. Second, combined with the above obtained inheritance thresholds, the iteration method was used to calculate the FOM under different combinations of development grade coefficients, and the combination with the maximum FOM was the optimal combination of development grade coefficients. The traffic facility coefficient is set as 0 in the process of determining the development grade coefficient because the planning policy had not been implemented during the period. Third, the sign of the traffic facility coefficient (p l ) can be determined by judging the effect types based on the relative growth comparison of urban land in different regions before and after the planning policy. Then, we applied the iteration method to test the optimal traffic facility coefficients of the different districts with a step size of 0.1. The FOM of the simulated result was the largest, as we used this optimal traffic facility coefficient.
Results
The global transition probability of every cell (P u × Pglobal j ) can be obtained based on its location and slope, which has been introduced above. In the following, we explain how to determine the middle transition probability (Pmiddle j ) based on a logistic regression model and calculate the local transition probability (Plocal i→ j,k,l,t ) by using the Markov model and planning influence.
Logical Regression Coefficient
According to the introduction in Section 2.3.2, logistic regression models of four districts were built based on the 10 LUCC driving factors of the zoning transition rules in Table 1 , and the regression coefficients of each district are shown in Table 4 . Since there is no change in the unused land, we only selected five types of land use to construct regression models. 
Land-use Transition Matrices
Based on classified maps for the years 1995 and 2000, we obtained the initial land use transition matrices of four districts by using the Markov model (Table 5 ). In the following table, every element represents the evolution probability between the different land uses, and the inheritance degrees of the original land-use types are all close to 1. Combining Equations (4) and (5), the neighbourhood conditions and the following transition matrices, we can obtain the local neighbourhood probability of every cell (Plocaln i→ j ). 
Determination of Planning Influence
Planning influence (Plocalp k,l,t ) consists of the development grade coefficient (α k ) and the traffic facility coefficient (∂ i ), which can be trained from the classified maps of 1995 and 2000 and of 2000 and 2005, respectively.
Development Grade Coefficient and Inheritance Thresholds
According to the planning text, there are α 1 > α 2 > α 3 . Based on the iterative method, the model accuracies (FOM) of the different districts are calculated under different combinations of grade coefficients. As shown in Figure 4 , each point displays a combination of grade coefficients, and its colour represents the level of the FOM. The optimal combinations of Main District, Qixia District, Pukou District and Jiangning District are (2.5, 2.4, 2.2), (2.7, 2.6, 1), (-, 2.7, 2.5) and (2.3, 2.2, 1.9), respectively. That is, model accuracies are the largest when using those combinations. Based on the optimal combinations, we simulated the land use in 2000 by using the proposed model (Figure 5a ).
By analysing Table 6 , it can be found that for Qixia District, the α 1 value is close to the α 2 value and quite far from the α 3 value. However, for Main District and Jiangning District, their grade coefficients are very close. Since there was no key development area in Pukou District in 1995, it only had two almost equal grade coefficients (α 2 and α 3 ). For the four districts, their inheritance thresholds of river (∂ 1 ) are all very small, which implies that it is hard for the river to be changed into other land. Almost all the inheritance thresholds of agricultural land (∂ 2 ) and grassland (∂ 5 ) are greater than 0.3, which may be due to the occupation of farmland and grassland for urban expansion. The inheritance threshold of forest land (∂ 4 ) is obviously higher than that in other districts because a large number of forest lands adjacent to Main District in Jiangning District were cut down for district development. In addition, the inheritance thresholds of residential lands (∂ 3 ) in Main District and Qixia District are clearly less than those in Pukou District and Jiangning District. Comparing the simulated result (Figure 5a ) with the actual result (Figure 1a,b) , we calculated the model accuracies (FOM), which are all greater than 0.19. and 2005, respectively.
According to the planning text, there are α > α > α . Based on the iterative method, the model accuracies (FOM) of the different districts are calculated under different combinations of grade coefficients. As shown in Figure 4 , each point displays a combination of grade coefficients, and its colour represents the level of the FOM. The optimal combinations of Main District, Qixia District, Pukou District and Jiangning District are (2.5, 2.4, 2.2), (2.7, 2.6, 1), (-, 2.7, 2.5) and (2.3, 2.2, 1.9), respectively. That is, model accuracies are the largest when using those combinations. Based on the optimal combinations, we simulated the land use in 2000 by using the proposed model (Figure 5a ). By analysing Table 6 , it can be found that for Qixia District, the α value is close to the α value and quite far from the α value. However, for Main District and Jiangning District, their grade coefficients are very close. Since there was no key development area in Pukou District in 1995, it only had two almost equal grade coefficients ( α and α ). For the four districts, their inheritance thresholds of river ( ) are all very small, which implies that it is hard for the river to be changed into other land. Almost all the inheritance thresholds of agricultural land ( ) and grassland ( ) are greater than 0.3, which may be due to the occupation of farmland and grassland for urban expansion. The inheritance threshold of forest land ( ) is obviously higher than that in other districts because a large number of forest lands adjacent to Main District in Jiangning District were cut down for district development. In addition, the inheritance thresholds of residential lands ( ) in Main District and Qixia District are clearly less than those in Pukou District and Jiangning District. Comparing the simulated result (Figure 5a ) with the actual result (Figure 1a,b) , we calculated the model accuracies (FOM), which are all greater than 0.19. Table 6 . The optimal development grade coefficient combinations and their inheritance thresholds of different districts.
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Main By analysing Table 6 , it can be found that for Qixia District, the α value is close to the α value and quite far from the α value. However, for Main District and Jiangning District, their grade coefficients are very close. Since there was no key development area in Pukou District in 1995, it only had two almost equal grade coefficients ( α and α ). For the four districts, their inheritance thresholds of river ( ) are all very small, which implies that it is hard for the river to be changed into other land. Almost all the inheritance thresholds of agricultural land ( ) and grassland ( ) are greater than 0.3, which may be due to the occupation of farmland and grassland for urban expansion. The inheritance threshold of forest land ( ) is obviously higher than that in other districts because a large number of forest lands adjacent to Main District in Jiangning District were cut down for district development. In addition, the inheritance thresholds of residential lands ( ) in Main District and Qixia District are clearly less than those in Pukou District and Jiangning District. Comparing the simulated result (Figure 5a ) with the actual result (Figure 1a,b) , we calculated the model accuracies (FOM), which are all greater than 0.19. 
Traffic Facility Coefficient
The Nanjing Metro Line 1 began construction in 2000, so we should consider the traffic facility coefficient (p l ) in the simulation process from the 21st iteration. As shown in Table 6 , the development grade coefficients and inheritance thresholds of the different districts were trained by using the data of 1995 and 2000. In 2000, Pukou District began to plan key development areas, and planning text specifies that α 1 must be larger than α 2 , so we set α 1 to 2.8 in the next experiment. Through the signs of the relative growth rate of land use obtained by using the classified map of 1995, 2000 and 2005, it can be judged whether the subway has a spatial spill-over effect or spatial agglomeration effect on the land use within the different ranges. Then, we used the iterative method to simulate the LUCC and test the optimal TFC combinations. As shown in Table 7 , the subway produced a spill-over effect within 500 to 800 m of the Main District, but an aggregation effect within 800 to 3200 m. Jiangning District creates an aggregation effect within 200 to 2400 m. For Qixia District, the subway generates a spill-over effect within 200 to 1600 m, but an aggregation effect within 2400 to 3200 m. In summary, the aggregation effect coefficients or spill-over effect coefficients are all very small, less than or equal to 0.2. Comparing the simulated result (Figure 5b ) with the actual result (Figure 1b,c) , we found that the simulated accuracies (FOM) of Main District and Qixia District are both greater than 0.21, excepting the Jiangning District. 
Simulation of LUCC
Combining the classified map and land development grade data of 2000 with the above obtained grade coefficients and thresholds, we used our proposed model to simulate what the land use will be like in 2005 without the traffic facility coefficient (subway effect) ( Figure 5c ).
We compared the simulation result (Figure 5c ) with the actual result (Figure 1b ,c) and calculated the FOM of the simulation result. As shown in Table 8 , the accuracies of the different districts are all above 0.18. Comparing the accuracies in Tables 7 and 8, we found that they are almost the equal in Main District, Qixia District and Jiangning District. The result reflects that the subway effect on land use is negligible after considering the land development grade. This is because the planning process of land development is interactive and comprehensive-when classifying the spatial land development grade, the planning departments have considered the role of subway planning in land-use development. Therefore, the planning influence can be expressed only by the development grade, without a subway effect. 
Discussion
In fact, the differences in the grade coefficients of the districts-which are the land grade being different in one district and the coefficient of same land grade being different in different districtsreflect the differences in spatial control granularity of the land use. The form is due to the great differences in regional development and resource distribution, so the granularity of spatial development is heterogeneous. The latter is due to the characteristic of the Chinese planning system. where the management and control powers of different land-use grades are heterogeneous in different districts. As shown in Figure 6a ,b, we also simulated what the urban land will be like without considering the development grade coefficients; in other words, we assume that the planning granularity of land development is homogeneous in the whole study area. Compared with Figure 5a ,c, it is obvious that the residential lands of Figure 6a ,b in the first and second development areas are larger, which confirms that the division of land grades has different driving forces for land expansion.
In fact, the differences in the grade coefficients of the districts-which are the land grade being different in one district and the coefficient of same land grade being different in different districtsreflect the differences in spatial control granularity of the land use. The form is due to the great differences in regional development and resource distribution, so the granularity of spatial development is heterogeneous. The latter is due to the characteristic of the Chinese planning system. where the management and control powers of different land-use grades are heterogeneous in different districts. As shown in Figure 6a ,b, we also simulated what the urban land will be like without considering the development grade coefficients; in other words, we assume that the planning granularity of land development is homogeneous in the whole study area. Compared with Figure  5a ,c, it is obvious that the residential lands of Figure 6a ,b in the first and second development areas are larger, which confirms that the division of land grades has different driving forces for land expansion. The simulation results (Figure 6a,b) are compared with the actual results (Figure 1b,c) to obtain the accuracies of the different districts. By comparing Table 9 with Table 6 and Table 8 , it can be found that the simulation accuracies considering the differences in grade coefficients are almost higher. This conclusion further confirms that the differences in zoning control granularity are inevitable. Further, comparing Figure 6b or Figure 5c with Figure 1c , it can be found that neither of the two simulation methods can simulate the residential land in the southwest of Pukou District (the scope circled in Figure 6b ). This is due to the limitation of the CA model itself, which pays too much attention to the role of the neighbourhood. Although the planning department had designated this scope as a key development area in 2000, the original number of the residential land in this scope was too small to simulate the real development status.
In addition, we simulated the land-use changes of Nanjing in 2020 based on the data of 2005 (Figure 6c ). In the general land use planning of Nanjing (2006-2020), there are clear control indicators for the area of agricultural land, residential land and forest land in 2020. By comparing the simulated results with the planning indicators (Table 10) , we found that the overall results of the simulation were good, because the simulation results of each type of land-use reached 80% of the planning indicator. The simulation results of residential land in the four districts are less than the planning indicators, while the other two types of land-use are opposite. This finding indicates that the growth The simulation results (Figure 6a,b) are compared with the actual results (Figure 1b,c) to obtain the accuracies of the different districts. By comparing Table 9 with Tables 6 and 8 , it can be found that the simulation accuracies considering the differences in grade coefficients are almost higher. This conclusion further confirms that the differences in zoning control granularity are inevitable. Further, comparing Figure 6b or Figure 5c with Figure 1c , it can be found that neither of the two simulation methods can simulate the residential land in the southwest of Pukou District (the scope circled in Figure 6b ). This is due to the limitation of the CA model itself, which pays too much attention to the role of the neighbourhood. Although the planning department had designated this scope as a key development area in 2000, the original number of the residential land in this scope was too small to simulate the real development status.
In addition, we simulated the land-use changes of Nanjing in 2020 based on the data of 2005 (Figure 6c ). In the general land use planning of Nanjing (2006-2020), there are clear control indicators for the area of agricultural land, residential land and forest land in 2020. By comparing the simulated results with the planning indicators (Table 10) , we found that the overall results of the simulation were good, because the simulation results of each type of land-use reached 80% of the planning indicator. The simulation results of residential land in the four districts are less than the planning indicators, while the other two types of land-use are opposite. This finding indicates that the growth rate of residential land in the model is slightly smaller than that of planning. In other words-the development of residential land will accelerate between 2005 and 2020. 
Conclusions
The urban development strategy plays an absolute guiding role in the process of urban land-use development. To simulate and discuss the development process of urban land use in a more real and objective way, this paper proposes a CA model under the constraint of the development strategy of urban planning. First, a new zoning transition rule is added to the two traditional rules to show the multi-level characteristics of the planning system. Second, the development grade coefficient is put out in the model to reflect the heterogeneity of the spatial control granularity in different districts. Third, we explored the spatial effects of subways by setting a traffic facility coefficient in the local transition rule. Through the above research, some significant results are summarized as follows:
• By comparing the simulation results of this proposed model and a model without considering the planning influence, it can be found that the heterogeneity of the spatial control granularity does exist and affects the simulation accuracies.
•
Other contents of regulatory plans (e.g., road planning) have been taken into account in the design process of land-use spatial layouts, so the effect of subways on the simulation results in this model is very small.
People often define a city as a community that maintains a small scale for the good life. With the concepts of humanism and sustainable development becoming more and more popular, people are beginning to attach great importance to the living environment and comprehensive development of community. The results of this study suggest that planners can solve the problems of urban landscape fragmentation and achieve the goal of harmonious coexistence between man and nature by designating ecological reserves to establish continuous green grids and increase the continuity of urban green spaces. Based on the demand of people and the spatial distribution of infrastructure, planners can also realize intensive land use and develop compact cities by classifying the development level of land-use and controlling the granularity of different levels, thus reducing the use of resources and promoting urban sustainable development. Besides, we can simulate the land-use development under different planning strategies by using the model, and analysing the green, humanistic and sustainability of cities under different scenarios, so as to provide scientific guidance for the development of cities.
In cases where the residential land is too sparse to simulate the real development status, the proposed method revealed some limitations that must be resolved in future works. Apart from this, there are still some potential factors that need to be considered to better understand the driving mechanism of sustainable development. First, limited by the availability of data, this paper did not consider the influence of economic elements on the model, which need to be further studied. Second, the urban planning system is multi-level [19, 28, 29] , and the system of each city is slightly different. Although this paper has considered the general level-zoning in order to simulate the process of land-use allocation more objectively-which is from the top to bottom-more levels need to be added. Third, urban population is the basis of land-use planning for planners, so we need to combine the population prediction model with the proposed model to improve the accuracy of urban growth simulation in the following work. 
